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ABSTRACT 

The  electrochemical  behavior  of  sputter-deposited  nonequilibrium  stainless 
aluminum  alloys  and  different  methods  to  produce  bulk  or  thick-film  material 
have  been  investigated.  Nonequilibrium  Al-Ta  and  Al-W  alloys  exhibit 
enhanced  passivity  over  a  wide  pH  range  even  though  the  passive  film 
chemistry  varies  considerably.  This  enhanced  passivity  can  be  explained  by 
the  Solute-Rich  Interphase  Mechanism  (SRIM)  which  states  that  formation  and 
passivation  of  occluded  cells  are  controlled  by  localized  concentrations  of 
solute.  The  higher  concentrations  of  solute  at  the  metal-oxide  interface  and 
around  occluded  cells  stabilize  the  passive  film  from  continued  Cl’  attack  and 
dissolution.  The  best  material  is  produced  by  sputter  deposition,  however, 
physical  vapor  deposited  and  plasma  sprayed  material  also  exhibit  some 
enhanced  passivity. 
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INTRODUCTION 


Aluminum  alloys  are  generally  designed  for  improved  mechanical  properties  which 
are  provided  via  precipitation  hardening.  Such  precipitates  can  form  microgalvanic 
couples  with  the  surrounding  matrix  and  lead  to  accelerated  corrosion.  Chloride- 
containing  environments  also  promote  localized  attack  even  in  pure  aluminum. 
Although  the  corrosion  resistance  of  steels  can  be  dramatically  improved  by  the 
incorporation  of  chromium,  molybdenum,  and  other  elements  to  make  stainless  steels, 
there  are  no  equivalent  conventional  stainless  aluminum  alloys.  The  failure  to 
produce  such  alloys  is  largely  due  to  the  very  low  solubility  of  passivating  species  in 
aluminum;  above  a  small  fraction  of  an  atomic  percent,  these  species  form 
precipitates,  and  can  increase  corrosion.  Consequently,  enhanced  passivity  requires 
super-saturated,  non-equilibrium  alloys. 

In  the  last  several  years,  supersaturated  aluminum  alloys  with  Mo,  Cr,  Ta,  W,  Zr, 
Nb,  Zn,  V,  Cu,  Ti,  and  Si  have  been  produced  by  several  groups  using  rapid  solidifica¬ 
tion  or  other  nonequilibrium  methods  [1-31],  such  as  sputter  deposition  [1-10,16- 
23,28-33],  ion  implantation  [11-15,24,25],  melt  spinning  [27],  and  vapor  deposition 
[26,33].  Several  alloys  have  shown  significant  improvements  in  passivity  in  chloride- 
containing  environments.  For  our  sputter-deposited  thin  films,  Al-W,  Al-Ta,  and  Al-Mo 
alloys  have  shown  the  best  performance  with  breakdown  potentials  Eb  well  above  0  V 
(SCE)  and  passive  regions  exceeding  1000  mV  in  0.1  M  Cl*  solutions  [4-9], 

The  highest  E ^  values  have  been  exhibited  by  sputter  deposited  material.  Such 
thin  film  material  has  potential  applications  in  composite  materials  and  electronic 
devices.  More  general  applications  will  require  bulk  material  or,  at  least,  thicker 
coatings.  Accordingly,  in  addition  to  further  evaluation  of  passivity  mechanisms,  we 
have  evaluated  (to  different  extents)  two  new  methods  by  which  thick  film  coatings 
would  be  made:  metal-organic  chemical  vapor  deposition  (MOCVD)  and  plasma 
spray. 

In  this  report,  we  present  the  results  of  these  two  areas  of  our  investigation  and  also 
place  the  most  recent  work  in  perspective  with  previous  findings.  Because  the 
mechanism  development  is  a  continuation,  some  of  the  results  have  been  previously 
reported  [33],  but  are  re-presented  to  support  and  explain  our  mechanism. 

PASSIVITY  MECHANISM  BACKGROUND 

Several  different  mechanisms  have  been  proposed  to  explain  the  passivity  of 
stainless  aluminum  alloys,  including  electrostatic  repulsion  of  Cl*  by  oxidized  solute 
atoms  [1-3],  formation  of  an  oxidized  solute  barrier  layer  [3,4],  blockage  of  Cl*  transport 
through  the  passive  film  [22],  stabilization  of  the  passive  film  oxide  structure  [6], 
replacement  of  oxidized  Al  in  the  passive  film  by  oxidized  solute  to  form  a  more  stable 
oxide  [28,29],  reduction  of  the  critical  pH  for  pit  propagation  [17-20],  and  reduction  in 
Cl*  adsorption  due  to  pHpzc  changes  [11-15].  Additionally,  Macdonald  and  coworkers 
[34,35]  studying  Mo-  and  W-containing  stainless  steels  have  proposed  a  solute- 
vacancy  interaction  model  (SVIM).  This  model  suggests  that  pits  originate  as 
vacancies  collect  at  the  metal/passive  film  interface.  This  condensation  of  vacancies 
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causes  the  film  to  collapse  locally;  highly  oxidized  solute  atoms  form  complexes  with 
cation  vacancies  formed  by  Cl*  adsorption  to  reduce  the  diffusivity  of  the  vacancies 
and  slow  their  buildup  at  the  metal/film  interface.  Olefjord  et  al.  [36-38]  have  proposed 
that  general  corrosion  of  stainless  steels  containing  Ni  and  Mo  is  reduced  by  a  buildup 
of  the  solute  at  the  metal  surface  that  provokes  passivity  by  lowering  the  dissolution 
rate  of  the  metal  substrate  during  the  active  dissolution  phase.  They  postulated  that  a 
solute  build-up  might  also  occur  in  the  upper  atomic  layers  of  the  metal  during  pitting 
and  crevice  attack  and  act  in  a  similar  manner  [36]. 

Many  of  these  mechanisms  are  variations  and  describe  different  aspects  of  the 
same  phenomena.  It  is  also  possible  that  different  mechanisms  may  control  the 
passivity  of  the  various  stainless  aluminum  alloys  under  different  conditions.  Recently, 
we  proposed  a  solute-rich  interphase  mechanism  (SRIM)  that  incorporates  various 
aspects  of  several  mechanisms  to  explain  the  enhanced  passivity  of  Al-W  and  Al-Ta 
alloys  [9,32].  We  have  continued  to  characterize  and  test  stainless  aluminum  alloys 
under  different  conditions  to  further  evaluate  the  passivity  of  these  alloys  and  to 
determine  the  applicability  of  this  mechanism  to  other  alloys. 

The  behavior  of  these  alloys  at  non-neutral  pH  values  is  of  special  interest  because 
of  the  acidification  of  the  solution  in  an  occluded  cell  and  because  the  Pourbaix 
diagrams  [39]  for  W  and  Ta  and  the  literature  for  stainless  steels  suggest  that  the 
passivity  of  Al  could  be  extended  outside  the  pH  range  of  4  to  9  through  the 
nonequilibrium  addition  of  these  elements  to  Al.  The  Pourbaix  diagrams  for  Al,  W,  and 
Ta  reveal  that  passivity  is  anticipated  at  low  pH  values  for  W,  at  neutral  pH  values  for 
Al,  and  over  the  entire  range  of  pH  values  for  Ta.  It  is  reasonable  to  believe  that  the 
passivity  of  Al  could  be  extended  to  lower  pH  values  through  the  nonequilibrium  addi¬ 
tion  of  W  and  Ta  and.  in  fact,  this  has  been  demonstrated  in  1  M  HCI  by  Yoshioka  et  al. 
[28,29]  for  high-concentration,  amorphous  nonequilibrium  Al  alloys.  The  literature  for 
stainless  steels  [40-43]  has  also  shown  that  the  addition  of  W  (in  the  presence  of  a 
significant  amount  of  Ni)  enhances  passivity  at  low  pH  values. 


EXPERIMENTAL  PROCEDURE 

Thick-Film  Production 

Two  methods  for  producing  thick  films  of  nonequlibrium  alloys  were  evaluated: 
metal-organic  chemical  vapor  deposition  (MOCVD)  and  plasma  spray.  MOCVD  was 
attempted  by  subliming  a  mixture  of  aluminum  acetylacetonate  and  the  hexacarbonyl 
of  tungsten,  chromium,  or  molybdenum  in  closed  glassware  purged  with  nitrogen.  A 
silicon  wafer  was  resistively  heated  to  decompose  the  metal-organic  compounds  as 
they  collided  with  the  substrate.  Each  wafer  was  subsequently  cleaved  and  the 
material  characterized  by  x-ray  diffraction  (XRD)  and  x-ray  photoelectron  spectroscopy 
(XPS). 

Nine  plasma  sprayed  aluminum-tungsten  coatings  were  produced  on  cold  rolled 
steel  plates  (4  x  4  x  0.14  in.)  using  a  Metco  7M  plasma  spraying  system  with  4MP  dual 
powder  feeders.  Prealloyed  aluminum-tungsten  (99.15%AI-0.85%W)  powder  and 
pure  tungsten  powder  were  used.  Both  powders  were  specified  at  -200  mesh  (+30  m). 


The  substrates  were  grit  blasted  in  a  Norton  arrow  blast  and  preheated,  but  cooled 
during  spraying.  The  specifications  for  these  samples  are  given  in  Table  1.  In  this 
report,  W  concentrations  used  to  denote  samples  refer  to  design  values  and  not  actual 
values  as  discussed  below. 


Table  1:  Description  of  specimens 


DESIGN 

COATING 

COATING 

COMPOSITION 

THICKNESS 

DESIGNATION 

(In) 

AI-40%W 

0.02455 

40A 

AI-40%W 

0.01985 

40B 

AI-40%W 

0.0369 

40C 

AI-25%W 

0.02655 

25A 

AI-25%W 

0.02315 

25B 

AI-15%W 

0.0280 

15A 

Al- 1 5%W 

0.0277 

15B 

AI-5%W 

0.0220 

5A 

AI-5%W 

0.02495 

5B 

Coating  characteri  ition 

All  the  specimens  were  observed  before  and  after  testing  under  a  low  power 
optical  microscope  while  the  cross  section  of  at  least  one  specimen  at  each  sample 
was  observed  under  a  high  power  optical  microscope.  Selected  specimens  were 
studied  under  a  scanning  electron  microscope  (SEM)  before  and  after  the 
electrochemical  testing.  Energy  dispersive  X-ray  spectroscopy  (EDS)  was  also 
conducted  on  the  breakdown  sites  to  identify  the  elements  and  to  evaluate  the  extent 
of  damage  on  the  coating.  EDS  mapping  was  done  of  an  untested  specimen  to  study 
the  distribution  of  tungsten  and  aluminum  on  the  surface. 

Electrochemical  tests 

Most  of  the  specimens  were  tested  in  a  standard  EG&G  PAR  flat  cell  in  0.1  M 
sodium  chloride  solution  at  an  approximate  pH  of  8.0.  Saturated  calomel  was  used  as 
the  reference  electrode  and  all  potentials  are  given  relative  to  SCE.  Some  samples 
with  5%  W  were  not  entirely  flat  and  this  led  the  solution  to  leak  out  through  the  hole  at 
the  specimen  end  of  the  flat  cell.  Therefore,  these  samples  were  tested  in  Nalgene 
containers.  The  samples  were  coated  with  two  coats  of  Interlux  marine  epoxy  paint. 
Anodic  polarization  scans  were  run  using  the  PAR  model  352  Softcorr  software.  The 
scans  were  begun  at  0.01  V  below  the  open  circuit  potential  and  ended  at  1.6  -  2.0  V 
above  the  open  circuit  potential.  Scans  were  generally  run  at  0.2  mV/s  because  a 
slower  scan  rate  (0.05  mV/s)  did  not  significantly  change  the  results. 
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RESULTS  AND  DISCUSSION 


MOCVD  Material 

MOCVD  specimens  were  examined  by  XRD  and  XPS  and  found  to  be 
predominately  oxidized  material  (AI2O3  and  oxidized  solute)  regardless  of  alloy. 
Apparently  leakage  of  oxygen  from  the  atmosphere  into  the  glass  reaction  vessel  was 
sufficient  to  oxidize  the  alloy  as  it  was  formed.  Attempts  were  made  to  eliminate  or 
reduce  the  leaks,  but  satisfactory  material  was  not  achieved  with  the  limited  budget 
available  to  pursue  this  approach.  It  is  believed  that  the  approach  warrents  further 
investigation  using  a  vacuum  chamber  as  the  reaction  vessel. 

Plasma-Sprayed  Material 

Analysis  of  the  coatings  under  the  low  power  optical  microscope  showed  the 
general  rough  nature  of  the  surface  as  is  typical  of  any  metal  sprayed  surface.  SEM 
analysis  of  the  coating  surface  revealed  that  there  were  spherical  deposits  on  the 
surface  which  indicated  incomplete  melting  of  either  W  or  Al  powders.  Initially,  it  was 
presumed  that  these  deposits  were  particles  of  W  which  had  not  melted  due  to  the 
high  melting  point  of  W  as  compared  to  Al.  However,  EDS  analysis  of  the  particles 
revealed  that  these  deposits  were  Al  indicating  that  a  few  Al  particles  were  not 
completely  melted  during  the  spraying  operation.  EDS  analysis  revealed  no  W  (above 
the  detection  limit)  on  either  the  polarized  or  unexposed  surface.  SEM  micrographs  of 
the  exposed  area  of  one  of  the  specimens  are  shown  in  Figure  1.  The  higher 
magnification  view  shows  the  spherical  deposits  of  Al.  Figures  2  and  3  are 
micrographs  showing  the  deposits  of  Al  in  different  stages  at  disintegration.  Samples 
of  unmelted  W  powder  were  also  observed  under  the  SEM  to  confirm  that  the  deposits 
were  not  W.  Figure  4  shows  that  W  powder  is  not  as  spherical  as  the  Al  powder  and  is 
of  a  different  size.  However,  it  is  not  known  how  melting  would  change  shape  and 
size. 

The  electrochemical  results  are  presented  in  Table  2.  Virtually  no  change  in 
breakdown  potential  was  observed  with  design  concentration.  The  AI-40W  specimens 
had  an  average  breakdown  potential  of  -624  mV  and  an  average  passive  current 
density  of  9.6  A/cm2.  The  AI-25W  specimens  had  an  average  breakdown  potential  of 
-626  mV  and  an  average  passive  current  density  of  17.8  A/cm2.  The  AI-15W  exhibited 
an  average  breakdown  potential  of  -613  mV  and  an  average  passive  current  density  of 
6.2  A/cm2-  while  the  AI-5W  had  an  average  breakdown  potential  of  -633  mV  and  an 
average  passive  current  density  of  10.2  A/cm2.  The  similarity  in  average  E ^  for  the 
different  design  concentrations  reflects  the  failure  to  incorporate  the  W  powder  into  the 
coating.  On  the  other  hand,  the  values  are  consistantly  higher  than  that  of  pure 
aluminum  (-690  mV)  reflecting  the  W  prealloyed  into  the  powder. 

Figures  5-8  show  replicate  anodic  polarization  scans  of  the  AI-40W,  AI-25W,  Al- 
1 5W  and  AI-5W  specimens  respectively.  Anodic  polarization  scans  of  the  specimens 
with  varying  design  W  concentrations  overlaid  on  each  other  are  shown  in  Figure  9. 
These  figures  illustrate  the  variability  in  Eoc  and  ip  and  the  greater  consistency  in  E ^ 
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Table  2. 

Electrochemical 

Behavior 

of  Plasma  Sprayed  Specimens 

File  Name 

Composition 

E0c 

Scan  Rate 

Eb 

fp 

(mV) 

(mV/s) 

(mV) 

A/cm2 

40  A 1 

AI-40W 

-718 

0.2 

-624 

16.1 

40A2 

AI-40W 

-678 

0.2 

-623 

2.3 

40A3 

AI-40W 

-665 

0.05 

-636 

18 

40BI 

AI-40W 

-754 

0.2 

-619 

18.4 

40B2 

AI-40W 

-680 

0.2 

-597 

16.8 

40B3 

AI-40W 

-679 

0.05 

-627 

0.4 

40CI 

AI-40W 

-879 

0.2 

-638 

7.1 

40C2 

AI-40W 

-655 

0.2 

-598 

1.8 

40C3 

AI-40W 

-812 

0.05 

-650 

5.5 

25AI 

AI-25W 

-839 

0.2 

-635 

36 

25A2 

AI-25W 

-654 

0.2 

-596 

19.2 

25A3 

AI-25W 

-658 

0.05 

-651 

17.6 

25BI 

AI-25W 

-757 

0.2 

-640 

1 1 

25B2 

AI-25W 

-833 

0.2 

-613 

5.2 

25B3 

AI-25W 

-661 

0.05 

-619 

17.6 

15AI 

AI-15W 

-737 

0.  2 

-637 

7.9 

15A2 

AI-15W 

-686 

0.2 

-568 

2.6 

15A3 

AI-15W 

-661 

0.05 

-620 

2.6 

15BI 

AI-15W 

-792 

0.2 

-622 

19.4 

15B2 

AI-15W 

-758 

0.2 

-612 

3.6 

15B3 

AI-15W 

-678 

0.05 

-620 

0.9 

5A1 

AI-5W 

-694 

0.2 

-666 

2.9 

5A2 

AI-5W 

-702 

0.2 

-641 

0.8 

5A3 

AI-5W 

-799 

0.05 

-626 

11.6 

5B1 

AI-5W 

-699 

0.2 

-623 

19.4 

5B2 

AI-5W 

-701 

0.2 

-618 

11.9 

5B3 

AI-5W 

-671 

0.05 

-626 

14.8 

Figure  9  shows  that  Eoc s  of  the  plasma-sprayed  alloys  have  been  increased  over 
pure  Al  reflecting  the  small  amount  of  W  in  the  samples  from  the  prealloyed  Al-W 
powde:  that  was  not  detected  by  EDS.  However,  although  Eoc  exhibits  considerable 
scatter,  the  average  Eoc  is  independent  of  design  concentration.  Significant 
variations  in  Eoc  for  Al  and  Al  alloys  in  aerated  solutions  are  common.  For  our 
specimens,  variations  in  interconnected  porosity  in  the  coating  may  also  contribute  to 
the  scatter  noted.  This  interconnected  porosity  in  a  coating  provides  a  path  for  the 
electrolyte  to  reach  the  substrate.  Thus,  porosity  variations  could  influence  the  open 
circuit  potential.  In  the  cases  where  Eoc  is  close  to  that  of  steel  (-660  mV),  high 
porosity  may  have  allowed  the  substrate  to  be  exposed  to  the  electrolyte.  The  surface 
roughness  and  interconnected  porosity  increase  the  exposed  surface  area  and  may 
help  explain  why  the  passive  current  densities  for  these  plasma  sprayed  samples  are 
high  when  compared  to  the  sputter-deposited  samples  that  we  have  tested  previously. 
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The  anodic  polarization  scans  of  the  specimens  have  been  overlaid  with  a  cathodic 
polarization  scan  for  steel  in  Figures  10-13.  The  anodic  scan  of  bulk  pure  Al  has  been 
shown  in  all  the  figures  and  it  is  quite  evident  that  there  is  an  improvement  in  the 
performance  of  the  plasma  sprayed  coatings  over  Al.  The  cathodic  scan  of  steel 
intersects  the  pure  Al  in  the  breakdown  region  whereas  it  intersects  the  Al-W 
specimens  in  the  passive/quasi-passive  region,  thus  keeping  the  corrosion  rate  to  a 
controlled  value.  In  some  cases,  the  Eoc s  of  the  Al-W  specimens  were  raised  to 
values  above  the  E0c  of the  steel.  This  is  to  be  avoided  in  coating  applications  to  keep 
the  substrate  from  undergoing  severe  corrosion  at  defects  sites  in  the  coating. 
However,  it  is  beneficial  for  the  Eoc  of  the  coatings  to  be  raised  to  values  which  are 
close  to  that  of  the  substrate.  It  would  also  be  of  great  use  to  lower  the  passive 
currents  of  the  Al-W  samples  further,  making  the  curves  intersect  at  the  Eoc  of  the 
steel.  Both  these  effects  would  reduce  corrosion. 

Some  specimens  did  intersect  the  curve  for  the  steel  at  Eoc  while  being  anodic  to 
the  steel.  However,  these  do  not  show  much  passivity  thus  making  it  a  highly  unstable 
condition.  In  some  cases  the  anodic  polarization  curves  seen  were  very  similar  to  that 
which  would  be  expected  for  steel.  It  seems  from  the  behavior  that  the  porosity  in  the 
coating  allowed  the  electrolyte  to  reach  the  steel  substrate. 

Because  porosity  plays  such  an  important  role  in  the  electrochemical  behavior  of 
the  plasma  sprayed  material,  we  produced  a  limited  number  of  Al-Ti  coatings  using  the 
high  velocity  oxy-fuel  process  which  should  minimize  coating  porosity.  Unfortunately, 
the  one  attempt  did  not  incorporate  much  Ti  into  the  coating  and  the  results  were  not 
very  good. 

The  Eft's  obtained  from  the  plasma  sprayed  coatings  were  not  as  good  as  those 
from  our  sputter-deposited  films  or  even  those  of  our  physical  vapor-deposited 
coatings  [32,33]  (Fig.  14).  Nonetheless,  they  did  show  improvements  in  Eft  relative  to 
pure  Al  despite  the  limited  amount  of  W  incorporated  into  the  material.  As  a  result, 
they  are  sufficiently  encouraging  to  justify  further  research  in  the  area  using  continuing 
funds  available  to  Penn  State  University  in  an  attempt  to  improve  and  optimize  the 
fabrication  process.  Further  reductions  in  the  passive  currents  of  the  alloy  would  open 
up  a  wide  area  of  applications  as  would  increases  in  the  breakdown  potentials. 

Passivity  Mechanism 

To  explain  the  enhanced  passivity  of  Al-W  and  Al-Ta  alloys  over  a  wide  range  of 
pH  values  despite  large  changes  in  the  composition  of  the  passive  film,  we  have  intro¬ 
duced  the  solute-rich  interphase  mechanism  [9,32].  The  SRIM  requires  that  the  film 
exhibit  passivity  in  the  low-pH  environment  of  an  occluded  cell  or  protopit.  In  this 
mechanism,  localized  increases  in  the  solute  concentration  at  the  metal-oxide 
interphase  and  at  defects  inhibit  pit  initiation  and  stabilize  the  occluded  cells  that  do 
form.  If  a  defect  in  the  passive  film  extends  to  the  interphase,  the  solute-rich  metal 
region  (formed  during  the  preferential  oxidation  of  Al  in  the  atmosphere  or  near-neutral 
electrolytes)  inhibits  pit  formation  by  reducing  Al  dissolution,  forming  an  oxidized 
solute  barrier  layer,  and  reducing  Cl*  adsorption  by  locally  reducing  the  pHpzc  (Fig- 
15).  If  Al  dissolution  and  acidification  begin,  the  local  solute  concentration  in  both  the 
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alloy  and  passive  film  increases  further  (Fig.  15).  The  oxidized  solute  (a  combination 
of  WO2  and  WO3  or,  more  likely  based  on  quantitative  XPS,  W(OH)4  and  W(OH)6)  is 
more  stable  in  the  low  pH  environment  of  the  pit  than  the  original  film,  and  the  solute 
repassivates  the  site.  Passivity  is  further  enhanced  because,  according  to  the  pHpzc 
mechanism  [11-15],  less  Cl'  would  adsorb  locally. 

The  SRIM  appears  applicable  in  the  Al-Ta  case  as  well.  The  evolution  of  the 
passive  film  chemistry  in  the  surface  behavior  diagram  (SBD)  [44,45]  of  Figure  16  [33] 
indicates  that  this  mechanism  can  indeed  explain  the  enhanced  passivity  of  Al-Ta 
alloys.  The  pH  3  data  show  that  Ta(OH)5,  a  hydrated  form  of  oxidized  Ta,  is  the 
passivating  species  under  these  conditions.  As  the  specimen  is  polarized,  the  passive 
film  evolves  directly  toward  Ta(OH)s  (path  c)  as  this  species  replaces  the  original 
oxidized  Al.  In  deaerated  pH  8  solutions,  the  passive  film  initially  is  a  mixture  of 
partially  hydrated  AI2O3  and  Ta205,  both  of  which  are  stable  species  under  these 
near-neutral  conditions.  Little  change  in  the  composition  is  noted  until  EbAI  is 
approached  and  the  amount  of  Ta205  increases  two-fold.  Once  EbAI  is  exceeded 
and  the  alloy  exhibits  its  enhanced  passivity,  the  amount  of  Ta(OH)s  increases  as  it 
replaces  the  Ta20s/Al203  in  the  occluded  cells  and  they  passivate. 

The  SRIM  predicts  that  increasing  amounts  of  oxidized  solute  would  be  found  in 
the  passive  film  with  greater  overpotential  as  the  density  of  repassivated  pits  in¬ 
creases.  This  phenomenon  of  increasing  oxidized  solute  was  observed  with  the  Al-W 
alloys  for  which  the  mechanism  was  developed  and  is  universal  in  the  nonequilibrium 
aluminum  alloys  we  have  investigated  [1-9].  Nonetheless,  it  may  not  be  the  only 
reason  for  the  concentration  of  oxidized  solute  to  increase  and  thus  the  increase  in 
repassivated  pit  density  may  not  explain  all  the  changes  in  passive  film  chemistry 
during  polarization.  For  example,  the  increase  in  Ta20s  concentration  in  the 

deaerated  pH  8  solution  prior  to  E^  (Figure  16)  is  not  a  result  of  pit  repassivation. 
On  the  other  hand,  the  increase  in  oxidized  W  concentration  as  E^  is  approached  in 
pH  8  solutions  [7]  is  likely  to  result  from  repassivated  pits. 

The  SRIM  also  predicts  an  enrichment  of  solute  in  the  metallic  side  of  the 
interphase.  This  increase  in  metallic  concentration  was  first  observed  in  the  Al-Mo  and 
Al-Cr  systems  as  dealloying  and  the  formation  of  elemental  solute  just  below  the 
passive  film  [2,3].  It  is  also  observed  for  the  Al-W  and  Al-Ta  systems  as  illustrated  in 
Figure  17  for  Al-Ta  which  shows  the  enrichment  to  increase  with  overpotential. 

The  SRIM  explains  why  mechanisms  involving  properties  of  an  oxidized  solute 
passive  film,  such  as  barrier  layer  formation  [1-4,22,28,29],  pHpzc  reduction  [11-15], 
and  solubility  reduction  in  low-pH  environments  [17-20],  can  appear  to  account  for  the 
enhanced  passivity  of  these  alloys  despite  the  fact  that  the  passive  film  is  at  least  half 
oxidized  or  hydrated  aluminum  and  can  be  almost  entirely  oxidized  or  hydrated 
aluminum,  depending  on  the  alloy  system  and  the  polarization  conditions.  The 
important  factor  is  the  solute's  localized  concentration  at  the  interphase  and  in 
occluded  cells,  not  the  overall  concentration  of  the  solute  in  the  passive  film.  For 
example,  the  mechanism  explains  the  correlation  of  Eb  with  the  pHpzc  of  the  oxidized 
solute  [15]  despite  the  wide  range  of  solute  concentration  in  the  passive  film  seen  for 
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different  alloys  under  different  conditions.  Because  the  film  in  an  occluded  cell  is  pre¬ 
dominately  oxidized  solute,  the  local  pHpZc  would  be  considerably  lower  than  that  of 
the  passive  film  away  from  a  cell  and  would  be  close  to  that  of  the  oxidized  solute. 
Likewise,  a  barrier  layer  oxide,  regardless  of  process  by  which  it  acts  as  a  barrier,  is 
needed  most  where  attack  is  occurring.  Thus  a  local  barrier  layer  can  be  nearly  as 
effective  against  pitting  as  a  barrier  layer  that  is  present  over  the  entire  surface. 
Finally,  the  increased  low-pH  stability  of  the  oxidized  solute  in  an  occluded  cell 
reduces  solubility  of  the  local  passive  film.  The  resulting  decreased  acidification  of  the 
local  environment  diminishes  the  tendency  of  the  cell  to  grow  as  postulated  by 
Smialowska  [18-20]  and  further  developed  by  Frankel  et  al.  [17]. 

Olefjord  and  coworkers  [36-38]  have  also  reported  an  enrichment  of  the  solute  in 
stainless  steels  during  the  active  dissolution  stage  because  of  preferential  dissolution 
of  iron.  This  enrichment  provokes  passivation  by  lowering  the  dissolution  rate  in  the 
active  phase  and  controlling  the  electrochemical  behavior  of  the  alloy.  They 
demonstrated  this  effect  for  the  general  corrosion  of  Cr-Ni-Mo  alloyed  steels  and 
showed  that  synergistic  effects  between  the  enriched  solute  elements  control  the 
formation  of  the  passive  film  and  other  electrochemical  reactions.  They  went  on  to 
speculate  that  similar  solute  enrichments  in  the  outer  regions  of  the  metal  might  also 
improve  resistance  to  pitting  and  crevice  corrosion.  This  hypothesis  is  consistent  with 
our  SRIM  mechanism. 

Because  the  SRIM  incorporates  aspects  of  mechanisms  proposed  by  several 
different  groups  for  a  variety  of  alloys,  it  may  be  more  universal  than  the  Al-W  and  Al- 
Ta  alloys  to  which  we  have  applied  it.  Nonetheless,  it  does  require  that  the  solute 
forms  a  more  protective  passivating  species  than  Al  or  induces  a  synergistic 
stabilization  of  Al,  especially  under  conditions  within  occluded  cells.  Such  species 
could  be  inherently  more  thermodynamically  stable  as  indicated  by  Pourbaix  diagrams 
or  more  stable  in  a  kinetic  sense  that  dissolution  reactions  proceed  much  more  slowly. 

CONCLUSIONS 

The  best  nonequilbirium  material  is  produced  by  sputter  deposition.  Thicker 
material  can  be  produced  by  plasma  spraying  or  by  physical  vapor  deposition,  as 
reported  in  a  previous  report  [33],  but  the  degree  of  enhanced  passivity  is  not  as  great 
as  that  observed  for  the  sputter  deposited  material.  Nonetheless,  it  may  prove 
adequate  for  a  number  of  applications  if  the  deposition  process  is  developed  further 
and  optimized.  The  solute-rich  interphase  mechanism  (SRIM)  can  explain  the 
enhanced  passivity  of  the  Al-Ta  and  Al-W  alloys  and  possibly  other  alloys  as  well.  The 
SRIM  provides  for  the  solute  in  both  the  metallic  and  oxidized  forms  to  concentrate  at 
regions  of  localized  attack  thus  enhancing  the  passivity  of  the  alloy  even  when  the 
solute  is  present  in  low  concentrations. 
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1.  a)  Micrograph  showing  the  general  nature  of  the  sprayed  surface  after  testing. 
The  dark  regions  on  the  specimen  are  believed  to  be  breakdown  sites,  b) 
Micrograph  showing  spherical  deposits  of  Al.  The  upper  right  corner  illustrates 
the  splat  quenched  structure  desired. 


2.  The  spherical  deposits  of  Al  are  illustrated  at  a  higher  magnification  in  this 

micrograph.  The  particle  seems  to  be  disintegrating  but  not  sufficiently  to  obtain  a 
splat  quenched  structure. 


3.  Micrograph  showing  a  particle  of  Al  which  has  disintegrated  more  than  the 
particle  in  Figure  2. 


4.  Micrographs  showing  W  powder.  The  W  powder  is  different  in  shape  and  size 
as  compared  to  the  deposits  seen  on  the  specimen. 
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5.  Anodic  polarization  curves  generated  in  0.1  M  NaCI  at  a  scan  rate  of  0.2  mV/s 
showing  typical  variability  in  performance  between  three  AI40%W  coatings. 
Coating  thickness  for  each  panel  is  noted. 
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7.  Anodic  polarization  curves  generated  in  0.1  M  NaCI  at  a  scan  rate  of  0.2  mV/s 
showing  typical  variability  in  performance  between  two  AI15%W  coatings. 
Coating  thickness  for  each  panel  is  noted. 
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14.  Anodic  polarization  curves  of  plasma  sprayed  Al-W  specimens  compared  with  the 
vapor  deported  Al-W  specimens.  All  scans  were  run  in  0.1  M  NaCI  at  a  scan  rate 
of  0.2  mV/s  and  a  pH  of  8.0. 


15.  Schematic  representation  of  the  Solute-Rich  Interphase  Mechanism  (SRIM).  a) 
Solute-rich  metallic  region  under  the  passive  film  inhibits  pit  formation  at  defects, 
b)  Acidification  of  an  occluded  cell  and  dissolution  of  Al  causes  the  passive  film 
and  underlying  alloy  to  become  solute-rich  locally,  c)  Solute-rich  interphase 
passivates  the  cell  due  to  more  stable  film  and  reduced  adsorption  of  Cl'.  Solid 
circles  correspond  to  metallic  solute;  open  circles  correspond  to  oxidized  solute 
(Ref.  9). 


D5-H20  surface  behavior  diagram  showing  the  evolution  of  the 
chemistry  of  AI-2.8Ta  during  polarization  in  0.1  M  NaCI  solutions  at 


Tif/AI0 


0.5 


T 


17.  Ratio  of  metallic  Ta  to  metallic  Al  as  a  function  of  overpotential  for  an  AI-8Ta 
specimen  polarized  in  a  pH  8  solution  [4]  and  an  AI-2.8Ta  specimen  polarized  in 
a  pH  3  solution.  The  bulk  values  of  the  ratio  are  noted  on  the  figure. 


